Introduction
High-speed, high-resolution capillary gel electrophoresis (CGE) has shown that the technique can feasibly accelerate the analysis of biopolymers, [1] [2] [3] [4] such as proteins and polynucleotides. In the Human Genome Project, for example, by using CGE, sequencing the whole human genome could be completed within a decade, which was first estimated to take a century using the conventional slab gel electrophoresis. The speed of analysis is very important in practical applications. The speed of analysis is determined not only by the separation speed and time, but simpler analysis procedures also contribute to a speedier analysis. Biopolymers are usually present in such a small volume and concentration that a highly sensitive detection technique, such as radioisotope (RI) detection or laser-induced fluorometry (LIF), is usually performed after labeling with RI or fluorophore. In a gene diagnosis, polymerase chain reaction (PCR) amplification is utilized to increase the quantity. However, as mentioned above, labeling reactions and PCR amplification make the procedure complicated and timeconsuming.
Moreover, impurities are introduced during labeling or amplifying reactions. Also, in the case of DNA sequencing using more than one labeling reagent, it is still difficult to obtain labeling reagents of the same reactivity and stability, and of sufficiently different emission wavelengths. Also, fluorescent labeling reagents are always expensive. Therefore, a detection method with high sensitivity and without the need for labeling is very desirable.
Photothermal detection is very promising to satisfy the abovementioned requirements. Because most materials photothermally generate heat when they relax from an excited state to the ground state, photothermal detections are applicable to all lightabsorbing species. Moreover, because the photothermal signal is proportional to excitation beam power, the sensitivity is as high as that of laser-induced fluorometry when using an intense light source, such as a laser, as the excitation beam. We and other research groups have proposed and developed photothermal detection techniques -thermooptical detection, [5] [6] [7] [8] [9] laser-induced capillary vibration (CVL) detection, [10] [11] [12] [13] [14] [15] etc. -as highly sensitive and direct (no labeling) detection methods of capillary electrophoresis (CE). Compared with other photothermal detection methods, CVL detection has the excellent advantage that it is not easily affected by changes in the optical properties of the separation media during electrophoresis, because the probe beam used to detect the CVL passes through the wall of the capillary, not inside, but outside, of the liquid channel. When this highly sensitive detection technique is combined with CGE, several other merits are realized. For example, only a very small sample volume and amount are needed: the sample size can be reduced to less than a nanogram, which is two to three orders of magnitude less than that of the conventional detection technique (UV absorbance). Furthermore, because any light-absorbing species can be detected in CVL detection, extracted DNA fragments, for example, can be analyzed directly without such derivatization procedures as that used for fluorescence, or such procedures as PCR amplification, which is troublesome and uses very expensive reagents, while still retaining high sensitivity. Such advantages will promote gene sciences, biological and medical research, and clinical techniques through the ultramicroanalysis of biopolymers.
To directly detect biological materials, which usually have A pulsed laser-induced stationary wave capillary vibration detection method was applied to the sensitive detection of capillary gel electrophoresis, and the direct detection of non-labeled nucleic acids, such as DNA sequencing products, was demonstrated. An excimer laser operating at 248 nm was used as a CVL excitation source, and polynucleotides were sensitively detected without derivatization. From an investigation on the endurance of several matrixes to pulsed laser irradiation, a polyacrylamide without a cross-linker (0%C) was found to have adequate endurance, and it exhibited no serious damage during an analysis. A cytosine-terminated sequence reaction product was detected with a sensitivity close to that of laser-induced fluorometry (LIF). These results suggest the feasibility of the highly sensitive detection of ultramicro amounts of biological materials without a pre-or post-column derivatization, which has usually been required in sensitive detection procedures, such as LIF. Furthermore, the feasibility of a novel DNA sequencing method is also suggested.
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absorption bands in the UV region, UV lasers are desirable as the excitation source. Because nucleotides, such as DNA fragments, have absorption maximum at 260 nm, the forth-harmonic generation of YAG laser (266 nm), the second-harmonic generation of argon ion laser (257 nm), or KrF excimer laser (248 nm) could be used as the CVL excitation source. In recent years, small and portable UV lasers, such as diode pumped solid state lasers, have been developed. Now that a wide range of lasers are commercially available, the CVL detection method must be adapted for the different kinds of lasers. The intensitymodulated continuous wave (CW) laser is the best source for CVL detection. However, an argon-ion laser emitting secondharmonic (UV) light is large-scaled and expensive, and consumes much electric power because of its low conversion efficiency. From the viewpoints of cost and practical use, we have adopted an excimer laser as a CVL excitation source to excite biological molecules without derivatization. Because the excimer laser is a pulsed laser, CVL by forced vibration cannot be induced, and a damped wave is generated. The pulse height in the damped waveform is easily changed by the fluctuation of each energy pulse, resulting in an unstable baseline, which prevents highly sensitive detection. We have found and reported stable and effective conditions for the generation of a pulsed laser-induced stationary wave CVL. 15 Matching both the pulse repetition rate and the natural frequency of the vibrating system to the heat dissipating time, a stable stationary CVL signal was obtained. This technique was applied to the sensitive detection of CE, and femtomole injection amounts of nonderivatized amino acids were sensitively detected. 15 The sieving effect of the separation medium (gel) is essential in electrophoretical separation, and is especially useful to separate biopolymers, which consist of monomers of similar composition.
This is the case with CGE experiments. Analogized from slab gel electrophoresis, polyacrylamide gels containing cross-linking reagent are usually used. However, capillaries filled with these gels cannot be used repeatedly, as the slab gel cannot. When CVL detection is applied to CGE, the intense excitation pulse energy needed for the CVL detection can destroy the gel and prevent a subsequent analysis. Recently, polyacrylamide containing no cross-linking reagent, i.e. linear polyacrylamide, was shown to have an adequate separation efficiency due to a high electric field and narrow migration path. 16, 17 The most desirable characteristic of linear polyacrylamide is that it has fluidity, which means that it can be replaced after each electrophoresis and used repeatedly. Therefore, linear polyacrylamide was considered to be not easily destroyed, and even if it is damaged by pulse radiation, the damaged part can be easily replaced. In the present work, we demonstrated that the pulsed laser-induced stationary wave CVL detection technique is a sensitive detection method for CGE. Then, a mixture of polyadenylic acids (poly (A)) of different chain length was used to evaluate the resolution performance of CGE/pulsed laser-induced stationary wave CVL. Next, we investigated several kinds of polyacrylamide components regarding the endurance to laser radiation. Furthermore, the cytosine-terminated sequence reaction product was separated using linear polyacrylamide as the separation medium and detected by a pulsed laser-induced stationary wave CVL technique with a sensitivity as high as that for the LIF detection.
Experimental

Apparatus
The experimental setup for the pulsed laser-induced stationary wave CVL detection system is shown in Fig. 1 . The CVL excitation laser used was a waveguide excimer laser (Potomac Photonics, SGX-1000) using KrF gas as the laser medium with the 248 nm lasing line, 60 ns pulse duration, and an output of nearly 10 µJ per pulse at a 1 kHz repetition rate. The CVL probe laser was a He-Ne laser of 633 nm, irradiated perpendicularly to both the capillary and the excitation laser beam. The CVL was detected using a position-sensitive detector (PSD) by monitoring the change in the propagation direction of the probe laser beam after passing through the wall of the vibrating capillary. The output from the PSD was first fed into a 100-fold isolation amplifier, passed through an electrical band pass filter, and then fed into a lock-in amplifier.
The reference signal for the lock-in amplifier was obtained from a function synthesizer, which was fed into the excimer laser as an external trigger. The fused-silica capillaries used were 30 µm i.d. or 50 µm i.d., and 150 µm o.d. The overall capillary length was 75 cm and the effective length was 40 cm.
Preparation of gel-filled capillaries
Polyacrylamide was used as a separation matrix (gel) in the CGE experiment. Preparation of the gel matrix inside the capillary was performed according to the literature. 18 Polyacrylamide gel-filled capillaries were prepared as follows. The capillaries were cut into appropriate lengths and 3 to 10 mm of polyimide coating was removed at the detecting position. The capillary interior was rinsed successively with 1 M NaOH, distilled water, and acetonitrile by using a simple vacuum injection system. 18 The inner surface of the capillary was treated with a solution of 0.4% 3-methacryloxypropyltrimethoxysilane in acetonitrile for 1 h at 40˚C. The capillary interior was then rinsed with acetonitrile and distilled water. A stock solution of acrylamide was prepared by dissolving an appropriate amount of acrylamide and N,N′-methylenebis(acrylamide) (BIS) as a cross-linking agent in distilled water. The total concentration of the monomer and the concentration of the cross-linking agent for the polyacrylamide gel are generally expressed as %T and %C, respectively. The stock solution of acrylamide (40%T and 5%C, or 40%T and 0%C) was diluted with a running buffer solution, which was a mixture of 0.1 M tris(hydroxymethyl)aminomethane, 0.1 M boric acid, and 7 M urea (pH 8.6), giving a final acrylamide solution (5%T and 5%C, 3%T and 5%C, 7%T and 0%C, 5%T and 0%C). The diluted acrylamide solutions were degassed in an ultrasonic bath. Polymerization was initiated by the addition 
Samples
Samples for CGE were polyadenylic acid (poly(A)) digested by nuclease P1 and the C-termination sequencing reaction product. Oligoadenylate fragments from poly(A) were prepared by the enzymatic hydrolysis of poly(A) with nuclease P1. The enzymatic digestion of poly(A) gave a mixture of polynucleotides containing a 5′ terminal phosphate in the chain length range from monomer to 300 mer. 19 The DNA sequencing product was obtained using a commercially available kit of the cycle sequencing reaction for the template of M13mp18 single-stranded DNA.
The concentration of the sequencing reaction product was estimated to be 10 -9 M. Only for the purpose of comparing the sensitivity with LIF, the sequencing product was labeled with a fluorescent tag.
As for C-terminated DNA fragments, 6-carboxyfluorescein (FAM) was used as a labeling reagent. 20 
Results and Discussion
Separation and sensitive detection of poly(A) by CGE/pulsed laser-induced stationary wave CVL
The CGE technique has remarkable performance in the separation of biological polymers, such as proteins and nucleic acids. Nucleic acid has its maximum absorption at ca. 260 nm, and about 80% of the maximum at 248 nm. Therefore, the lasing line of the excimer laser at 248 nm is still effective to excite nucleic acids. Poly(A), digested by nuclease P1, was used as a sample, for which the number of nucleotide chains differ by one. An electropherogram of poly(A) is shown in Fig.  2(a) . Compared with results for a conventional UV detector, each peak was attributed to the nucleotide chain and separated by one difference of the chain length. However, unlike free solution capillary electrophoresis, irradiation by an excitation laser at the same point (gel) in the capillary sometimes seemed to cause the destruction of gel; also, this measurement could not be continued for more than 1 h and there was no sign of recovery.
Endurance to laser radiation
When a pulsed laser is applied to CGE, a problem emerges. Because the sensitivity of CVL detection is proportional to the excitation laser power, the same averaging power is considered to be required to obtain the same sensitivity as in using CW laser excitation. However, when averaged, a 10 µJ per pulse with a 1 kHz repetition rate is almost the same as the power obtained using secondary harmonic generation (SHG) of an argon-ion laser; also, the peak energy is about four orders of magnitude larger, which results from the 60 ns pulse width. This intense pulse may cause the ablation-like destruction of separation matrixes (gel). Considering that we stated in our previous report 15 that the pulsed laser was successfully applied to free solution electrophoresis, we concluded that gels with different fluidity had different endurance. Polyacrylamide gel solutions of different concentrations of monomer and crosslinking reagent were investigated regarding endurance to laser irradiation. The results are summarized in Table 1 . Gels containing no cross-linking reagent (7%T and 0%C, 5%T and 0%C) have sufficient endurance to laser radiation in comparison with gels containing a cross-linking reagent (5%T and 5%C, 3%T and 5%C). Because polyacrylamide containing a crosslinker is rigidly attached to the inner wall of the capillary, the damaged part cannot be replaced, and measurements cannot be continued once the gel has been damaged. Polyacrylamide containing no cross-linker, however, has fluidity and it is not easily damaged by laser radiation. As predicted, the fluidity has been shown to have a close relation with the endurance to laser irradiation.
Separation and detection using non-cross linked polyacrylamide and pulsed laser-induced stationary wave CVL
Though polyacrylamide gel contains no cross-linker, such as BIS, sufficient separation is achieved, as shown in Fig. 2(b) . The sample was poly(A) and each peak corresponded to a polyadenylic acid of different chain length; measurements could be made even after 1 h. The signal intensities were largely dependent on the baseline, which slowly and periodically fluctuated. This fluctuation seemed to be attributable to the instrument. For example, a small wall thickness results in an effect from the channel heat, which varies during 97 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 electrophoresis. This is because the probe laser beam passes near to the liquid core of the capillary, which is easily affected due to a perturbation of the temperature generated by an applied field. This problem could be solved by using smaller i.d. capillaries (e.g., 30 µm). Alternatively, the sample amount injected could be reduced to 36% according to the reduced cross-section of the inner liquid phase, though a more skillful gel fabrication technique would probably be required. This gel composition (7%T, 0%C) was chosen for the CGE separation of polynucleotides. Another merit of this gel composition is that it has fluidity and is easily replaced if damaged by excess focusing of intense laser pulses.
Sensitive detection of DNA fragments by pulsed laser-induced stationary wave CVL
From the above considerations, even a polyacrylamide gel containing no cross-linker (7%T, 0%C) was proved to have sufficient performance in the separation of polynucleotides. Figure 3 shows preliminary results of CGE separation and CVL detection of DNA fragments obtained from the C-termination sequencing reaction. The sample concentration was estimated to be 10 -9 M; this amount cannot be detected using the conventional absorbance detection. The results using the CVL technique are almost as sensitive as those by LIF detection. 21 Because CVL detection needs no derivatization process, it is free of by-products derived from chemical reactions, which confuse the analysis and lengthen the time needed for the sequencing process. The sensitivity of CVL detection suggests the feasibility of ultramicroanalysis without derivatization or amplification, such as PCR. Although PCR amplification has been an essential procedure in gene analysis, this amplification method is suitable only when a part of the sequence is known and a suitable primer is available. Therefore, highly sensitive detection methods are desired and CVL detection is more advantageous than LIF detection in that it does not require derivatization. Only sensitive detection methods can approach the analysis of DNA fragments, the sequence of which is utterly unknown, or when there is no primer available. The most advantageous merit of the CVL detection is that it can analyze a sample as it is, which allows the detection of ultramicro quantities of important analytes which used to be excluded from the analysis techniques. Combined with the high-speed analysis of CGE, the CVL technique also has an advantage in clinical applications. With regard to DNA diagnosis, we believe, a series of such analyses, for instance direct sampling with the tip of a capillary, high-speed separation by CGE, and sensitive detection by CVL without derivatization, may be feasible in the future.
